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FOREWORD

This Geophysics Research Paper is published in
three separate volumes,

In Volume I, the theory of large-scale atmaspheric
diffusion is developed. The application of this theory to air
trajectories is presgsented in Volumes Il and 1II,

Volume Il contains probability tables for various
constant values of mean zonal wind,

Volume III congists of probability tables for North

America and Eurasia,
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ABSTRACT

G. I. Taylor's theory of diffusion by continuous movement is
adapted to motions on the scale of the general circulation, The re-
sultant theory pertains to diffusion, by large-scale eddies, of air
particles constrained to move on a constant-level surface., This-
theory provides a means for determining the probability field as a
function of time for a particle originating {rom a given point on the
surface of a sphere.

The bivariate normal density function describes the prob-
ability of a displacement with components x (West - East) and vy
(Noxrth - South), This function reduces to the circular normal form
when suitable empirical and theoretical simplifications ave intro-
duced, concerning the mean zonal wind, the standard deviation of
displacement components, and the coxrrelation between displacement
component deviations,

This density function is integrated in polar form and mapped
on a projection of the earth's surface by means of a suitable sapher-
icsl transformation, The resulting form of the distribution function
ts applicable to problems of atomic fallout,

In applying diffusion theory to balluon operations, the convept
of downsiream probability density function is introduced, This fune-
tion defines the probability density with respect to latitude of an Rast-
West displacement at lexst &8 large as a specified value, ovcurring
within 7 days, Tables of the downstream probability function are
preseated in Volurmes 1 and HI for (a) various congtant values of
mrear wind and (b) North America and Furasia for January, April,

July, and October at 0, 000 to 30, 00 feet,
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SYMBOLS

displacement componcnts in the West - isast and North -
South directions, respectively (Note: eastward and
northward displacements are taken as positive)

climatological mean displacements in the x and vy
directions, respectively

displacement component deviation in the West - Ikast
direction

displacement component deviation in the North - South
direction :

standard deviation of x and y, respectively
standard deviation of displacements
wind components in the x and y directions, respectively

climatological mean winds in the u and v directions,
respectively

wind component deviation in the West - Bast direction
wind compunent deviation in the North - South direction

bivariate normal probability density tuncuion for va-
riables m. n

Huear corvelation voefficient between the variables
m and n

standard devistion of u and v, respectively
“tandard deviation of the wind

funvtions which determine the time dependoence of 9
and 7, respectively '
g
{ ]
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Gy
N y
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T

tagnttude of the devintion displacement, alsu co-latitude
e rolated system ol sphoerical coordinates

thagmitide of the deviation wind vevtar

partivalar values of « and s, eespectively
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SYMBOLS (CONT,}
bivariate normal distribution function for the vari-
ables m, n

mean longitude displacement

longitude, measured eastward {rom a given initial
longitude

deviation longitude
latitude

longitude in a rotated system of spherical coordinates

a value of U averaged over latitude between 0 , the
initial latitude,and Q), an arbitrary latitude

a value of Gi appropriate for the population of devia-
tion displacements from 0to S

downstream probability density function
auto-correlation function

a small time increment

time

time in days

a constant, depending on the size of an eddy




THEORY OF LARGE-SCALE ATMOSPHERIC DIFFUSION
AND ITS APPLICATION TO AIR TRAJECTORILS

1. INTRODUCTION

In recent years the congtant-level balloon has developed into a vehicle
of major scientific importance. Its payload may consist of a variety 6f meas-
uring devices which utilize appropriate communications systems to telemeter
information back to earth, In many cases this kind of data can be obtained in
no other way, Indeed, even the paths of these balloons are of great scientific
interest, since they represent solutians to the equations of large-scale atmos-
pheric motions in a Lagrangean system of coorvdibates,

One of the most attractive features of the constant-level balleon is a
divect consequence of its size. It is large enough to be insensitive to small-
scale eddies, while responding freely to the large-seale motions of the atmos-
phere, Paradoxically, it is this very freedom of movement which imposes the
most severe operational timitation on the balloon system, namely uncontrol-
lability.  The hovizontal path can be controlled to o smail extent in two ways;
{a) by varyiug the time of launching, and thus predelevmining the initial hori-
zontal velocity at altitude, J{h) by varying the altitude during flight, BExcept
for these measures, knowledge o the future positions of balloons must largely
depend upon meteorslogical prediction,

Experienice has shown that for time periods greater than a fow days con-
ventional prediction methods ave unredable, For these longer time 1ntervals,
statistical methods must be vsed,  To be valid, such meéthods must be based
uh a det of fundamental statistics of lavge-scale atmospheric mations,  This

18 but one example of the need Yor such statistics,

NOTED Author's manuscript approved 19 March 1958,




Moy schiemes aove been proposed for combined networks ot balloons,
Levach from several sites ot oredetermined tine intervals,  such experi-
Biosts are nevessarily costly and must be thoroupghly evalunted,  fo perform
«n ttet tgent job of evaluation, one must ajain have access to a reliable set
ot stat: -tics on atmospheric motions.  In fact, th. lack of such information has
scvriow y deterred realization of the full potential valuce of balloon systems,

“ais paper prescats a scot of statistics on atmospheric trajectories in
a vortwvhich has been found most useful for solving the problems discussed
aveve aod other related problems,

fine most straighttorward approach to the preblem of distribution of
trajectory end-points is to compute a large number of trajectories, having a
conmen origing, from a series of upper-level chartse Here, either the ob-

rved o vinds or the computed geostrophic winds, or both, are used as basic
data, che aceuracy of such computations will depend to some extent on the
tune tooerval between successive maps, A humber of such studies have been
novde, s nd these wre usetul in giving at least a gross estimate of the divtribu-
ties fues tions, However, in addition to the magnitude of this task, there are
the oo s rious Himitations to this approach:

A It is extremely dithieult to compute aceurate tra-
Stoties,

L. With the type of data abl our disposal, iU ia almost
topossible ta achivve a sample surficiently large to be con-
cdered representative,

<o Bven i those few cases where the irat tws hitta -
Coeng van be oveccome, the applicabiiity of the results s re-
Srrieted toa particular vegion ia space, a pavticular height,
vad a particular seasan,

With redard 1o the first Hmtation, 1t is only faar (o state that a sulficiently
lae e sample would overcome this restiriction if there were no systamatic come
safalion ervars,

the Moby bick flights are an important source of data,  Although many

1

tasbire -8 of balloons have been flown, oily o small percentage of thege flights
wee st alhiciently long duration to be useiul,  Thus the last two limitations

SR renan an force, Furthetsre, there is a definite bias in these data be-
aaas (oe lavnchings were mainly confined to selected situations when the weast-

~whies Lere strongest,
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From the foregoing discussion it is evident that an adequate theory
of diffusicn on the scale of the general circulation is needed.,  This paper
attempts to derive such a theory. This is by no means a complete theory,
since certain simplifying assuinptions and approximations have becn in-
troduced., The criterion adopied in introducing these approximations was
to maintzin compatibility between the degree of refinement of the theory
and the quality of the input data.

Any theory of diffusion of air particles by the general circulation cd-
dies must provide a means for de.ermining the probability field as a function
of time for a particle released from a ~iven point on a sphere's surface,
Initially. the probability of the particle s location is 100 percent at the ori-
ginand 0 elsewhere, As time passes, the particle's location is specified
by a probability field, After a very long period ot time, the probability
{field tends toward umiiormity over the sphere's entire surface and the par-
ticle's origin ceases to be important,

G. 1. Taylor's theory of diffusion by continuous movement1 is a solu-
tion of this problem for small-scale cddies. 'The theory presented here is
an adaptation of Taylor's theory for motions cn the scale of the general cir-
culation, In developing our theory, we incorporated results obtained trom
empirical studies of the trajectory distribution function,

The probability density tunction can, ol course, be integrated with re-
spect to space and tirne in a number of ways to obtamn the desired distribution
function, In planning the presentation of theoretival caleulations, we found
that cach gperific class of application required a particular method of inte-

gration to obtain the most usetul form ol the distribution function., One pre-

scentation is included which, winle not very useful for constant-level balloon

P .

¥ ¢ operaticns, may have important applications to the problem ot diffusion of
g particulate matter, such as fallout from atomic weapons,
" oo PROBABHITY THEORY QF DISPLACGCEMENTS

Constder an aiv particle constramed to move on o condtant«leved surta e,
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This particie is located at 0 at time
t = 0 (Figure 1), What is the proba-
bility of the particle being located at
point P, att = T? (Note that in this
statement of the problem we prescribe
only the end-point of a displacement,
not the patn,) Making the usual assump-
tion that the twe displacement compo-
nents, x and y, are normally distrib-
uted about their respective means, X
and Y, the probability of displacement,
OP, may be expressed by the equation
for the bivariate normal density func-

l
1

tion:

p(X! Y) = er 6 . 3 . a axp
x Yy

;
N od-p

where (3\, and o
the coefficient of correlation between the

By definition

where 1!

the particle in its path,

In the stratosphere and upper troposphers,

tormine,

with Tittle loss of gencrality, that the mean wind in thode regions i asonal,

! | -1 A= X

and Y = 1 vV odt

This ts especially true in middle latitudes,

Digplacement of an air
particle

Figure I,

are the standard deviation of x and y, respectively, and p is

quantities x' = (x~-X) and y' = (y~Y).

3

(3)

and V oare components of the climatological mean wind encounterad by

Voln sl and didfigult to de-
in fact it may be assumed,

Lot

ud now motre closely examine the moan wind variation,

Tahle 1 i a typical sample of moean upper-lovel winds, taken trom the
3

Handbaok of Geoshysics, ¥ Note that the

vartation {8 corgiderably greator wath

regpect o latitude than with respovt o longitude,




Table 1: Mean wind speed (knots), 50,000 ft,, January

LATITUDE  WEST LONGITUDE  LONGITUDE RANGE
120 100 80 60
70 34 33 33 34 i
60 36 29 26 29 10 .
50 38 41 44 43 6
49 71 84 33 67 . 17
, 30 61 58 18 37 24
ILAT RANGE 37 55 57 38

e armeaaa e mmm s e -

It is evident that if we confine our discussion to specific geographical regions,
to a reasonable approximation, we need only consider the latitudinal variation
of the mean wind, Therefore, we introduce the following modeling approiima—

tions:

Y=V=0 (4) and U=U, .

K ©) (5)

where i, j, and k are height, season, and geographical region (such as North
America, Eurasia, etc.), respectively, and ¢ is latitude.

It can be shown theeretically that p(x', y!), the coefficient of correlation
between the displacement components, is propoertional to p(u', v'), the corre-
wation coefficient between the wind components, where w' = {(u-U), and v! = v,
Brooks, et al, 3 4[%uch, > and Courtb conducted independent studies of statist-
ical preserties of the winds in the free atmosphere over broad repions. All
three authorities agree that put, v') is small, Table 2 is a typicul example
extravtied from Court's paper,

Table &1 Goefficient of correlation belween n~emd v

o I
P HT. PANAMA CANAL ZONE  MT, CLEMENS, MICH, GOOSE BAY, LAB,

}(km) Winter Summer Wintoer Summer | Winter  Summer
i .

"o , 000 124 L0544 LY «, 119 L022

]

‘o 075 L0441 L0091 L 050 -. 087 L0027

2u L0859 - 174 . 129 - 154 S -, 063 |
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In Ea. (1), PZ, which appears in both denominator and exponent, must
be compared to unity, Since the first and last terms in the exponent within
the brackets are of the same order, the value of p within the bracket must
be compared tc unity, ‘From a complete study of the evidence it becomes ap-
parent that, comparedto 1, £ is small and pZ is very small, Thus we

introduce the assumption that
p=0 (6)

The time dependence of 6\: and Gy is fully discussed in Appendix III
where the equations § = G _(t)6 and 6 = G_{t)0  are developed. It is also
: N x''Tu y y v

shown in Appendix Il that empirical evidence warrants the assumpticn that

G\_(t) = Gv(t). Therefore, it is evident that Gy = (10’\( where q is the ratio

P,

Consider now the quantities Gu and ﬁv. With the sample sizes gener-
ally available, 5‘:1 can be determined with much greater precision than Gv.
Thercrore, it is reasonable to assume that any error in the estimated value
of q will be retlected in 5y rather than in Gx' Liet us then investigdte the
consequences of assuming that q = 1. If g is actually greater than ], then
the dispersion in the y-direction is greater than we have assumeoed, On the
other hand, i{ q ts actually smaller than 1, then we have overestimated
the dispersion in the y-dirvection,

In applying the theory to balloon systems, we are usually interested
i obtaiming the greatest possible concentration (that is, least dispersion)
of displaicements.,  As will be shown later, the results of several studiesin-
dicate that, in general, g 1o Thus it may be seen that any errors resulting
from the q = 1 assumption will be i the conservative direction when the
theory is applied to balloon systems. We will now discuss the mapgmitude of
these vrrory,

Brooks, ot al, bt extensively investipgated (‘u and SN and concluded
that there was no signifivant ditterence between these auantities in the tree
attnosphere, Huuh:\ conducted s detailed tnvestigation, on a hemasphoeric

busis, of the wind statistivs tor asingle year, His findings wyree with those




of Brooks' in middle and high latitudes. However, he found that in low lati-
tudes q is significantly less than 1, . Court's() more recent studies show that
there is a consistent variation of q with elevation at widely separated sta-
tion.s, The ratio, q ,"is 1 at the Jet Stream level (about 40, 000 ft) and de-
creases gradually with increasing elevation, Court also found that this effect
is very pronounced at low latitudes, but it is much smaller at middle and
high latitudes. Let us confine our attention to middle and highlatitudes and
to elevations between 40, 000 and 80, 000 feet, All authorities menticncd above
agreed that the error in assuming 6v = 0, is negligible at.40, 000 feet, Our
own studies show no sgignificant difference between ﬁv and Gu, even at 80, 000
feet. These results are not necessarily in conflict with Court's data, He
used data from single stations, whereas our estimates were based on popu-
lations of winds taken along single latitudes but from a number of adjacent
longitudes. By definition, GVZ = v2 - (V)Z . It has already been shown that
the regional va'ue of (V)2 is 0 (Eq. 4). For a single point, however, (V)

is not negligible, herefore, other things being equal, the value of 5 will
always be larger for a reglon than for a single point within the reomn

The foregoing discussion leads to the assumption that

GY = GX =3 . (7)
G We may now rewrite q. (1) in various alternate forms:
. [ 2 | 1
W . 1 X'+
. Py, = pix,t) ply,t) =——- exp L_ -)--~& . (8)
‘.‘ v f &
S i !
R ple, ) =t e -8 )
g V2 o i
L & -
'\'::‘ 1 y‘a .
N ply,t) = =~ exp |[-- 5 . (10)
|\ V2116 | 26
|
X - : -
:«:: We may write Fq, (8) in polar form by introducing J = (N! ) emd
i. z integrating from 0 to 27 ;
“\\". .
ks 3 s }
N pls,t) === exp | == 1 (11)
o 5 26° |
o' -
N
.‘:-:‘
§ o




The preceding equations are familiar forms of the circular normal density
functior, Brooks, et al, 3,4 used these equations to compute the probability

of winds.

3. ANALOGY BETWEEN THI WIND PROBLEM AND THE DISPILACEMENT
PROBLEM
The displacement problem can be viewed as a logical extension of the
wind problem, We will compare the solutions to these two problems at every
step to illustrate their relationship. In this analegy we will retain the sim-
plifying assumptions and approximations which have already been established,
The appropriate wind equations which correspond to Eqs. {(8), (9}, (10),

and (l1) are:

r -0
! 2!
1 [
p(u,v) = p(u) p(v) =——= exp | ) +vo | ) (8a)
276, 1 262 ||
1 1 -
) .
o \
pla) = 7= exp | - L (9a)
V2T 6, 26,
1 L 1]
2]
p(v) = ;'i}f" exp - :\ia R (10{1)
v 2T 8, 20,
1 1 |
and
¢ T
ple) =7, exp |- oy (1la)
o 207

where di is the standard wind deviation and ca E (u')?‘ + v'{3 .

We note that the independent variables {or the wind cquations are u and
vi but tor the displacement gquations, in addition to x and vy, the variable, t,
also appears, In general both the wind and displacement probability density
functions are completely specified when two primary parameters, U and (Si '
are given, However, the empirically determined relationship between U and
Si' developed in Appendix I, reduces the required number of primary para«

meters to i single one, namely, U, We define secondary parametors as thoge




variables which represent the time and space dependence of the mean wind it-
self, In this paper the secondary parameters are height, season, region (in
the sense defined previously), and latitude for the wind statistic and similarly,
height, season, region, and initial latitude for the displacement statistic,

In the wind problem the specified wind (u, v) can be represented as a two-
dimensional vector in plane surface. However, the vector x,y must be mapped
on the earth's surface which is spherical, Therefore, at some point in the so-
lution of the displacement problem we must introduce a transformation to spher-
ical coordinates. One additional complication arises which is confined exclus-
ively to the displacement problem. Since the component y represents a change
in latitude, and since both U and 6; are functions of latitude, we must somehow
incorporate in the probability function a continuously varying populati'on of winds,

Just how we cvercome these difficulties will be discussed in the next section,
4, POLAR INTEGRATION OF THE PROBABIL.TY DENSITY FUNCTION

Any desired form of the distribution function may be cbtained by an ap-
propriate integra'ticn of Egs., (8) to (11) and (8a) to (11a). A useful form of the
wind distribution function is derived from integration of Eq. (lla), A rather
complete discussion of this function will be found in Brooks, et al, 3.4

Integrating Kq. (lla) with respect to c:

G 2 | 2 |
P{C) = -l / exp i =Sy lcdc=1-exp # '“'C”Z! . (12a)
6o | g% | 267

This function may be intexpreted as follows: Any wind with probability, D, ig
the vector sum of U, the vector mean wind, and a deviation vector of magni-
tude, C, where
1t 1/2
by (13a)
1 - P(C)
An analogous polar integration of the displacement density function(liq, 11)
s useful in certain types of problems, To demonstrate the method of coniputing

this form of distribution function, we will apply the theory to a specific example,
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The problem we have selected is the mapping of the 0,50 probability curve
for the following specifications:
Region: North America
Height: 50,000 Feet
Season: Jaguary
Initial Latitude: 40 N
Time: 1 Day
The profiles of U and Gi are shown in Figure 2, As a preliminary‘to the
digcussion of the displacement function, we solve the 0,50 probability prob-

lem for the wind occurring at 40°N., We note that the mean wind at 40°N is

75 knots and the standard deviation is 35, 8 knots (Figure 2). From Eq. (13a):
G=35.8] 4 | /% 2358 x 1,176 = 42 ks, (14a)
The solution is illustrated in Figure 3. The probability of occurrence is at
least 0,50 for all winds which can be represented by vectors with a commlon
origin at 0,0 and whose end-points lie within the designated circle, Thus
the circle of radifxs, 42 knots, and origin at the end-point of the vector, U=75
knots, is the locus of the limiting vector end-points for a probability.of 0,50,
The solution consists of two independent parts: (a) a mean wind vector, U,
and (b) a deviation wind vector, u', ¢f magnitude, C. Figure 3 also clearly
shows that the component u = (U + u'),

For the displacement distribution function we seek a similar solution,
but we turther require that the 0,50 probability curve be mapped on a spher-
teal carth, For this purpose t. 8 convenient to use one degree of latitude on
the carith's surface as a unit of length, and one day as a time unit, [t is also
vonvenient to adopt a coordinate system in which @ is the longitude coordinate
measured eastward from the initial longitude, and §§ is the true latitude, lHere,
48 in the wind problem, the solution is resolved into two independent parts:
the computation of (a) a mean displacemaent, /\, and (b) a deviation displacu-
ment with compuonents MW 40). Also, 2= e )'| . As was pre-
<ously stated, any displacement in latitude involves a change in both U and
tye Thus, unlike the wind probles where U is independent of v, in thisense,

/\ 13 & function of Qﬁ .
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For reasons which will become apparent later, it is nccessary to solve
the deviation part of the problem first, Figure 4 is a solution, for 40°N lati-
tude, of the transformation equations (lgs. [4] and [5]) developed in Appen-
dix IV, The radiating curves are arcs of great circles, marked off in values
of s, the linear distance from the origin, FEach great circle is i1dentified by a,
a spherical angle measured from an arbitrary meridian. Note that both /'and.
¢ depend a and s, Thus we may write the following symbolic relations,
(Note: The actual relations are Eqs, [4] and [5] of Appundix IV.)

}\‘
b

The general method of solving the deviation part of the problem consists of:

i

A (a,s)
B (o, s)

(@) Integrating Kq. (l1) with respect to s along each value of a,
(b) Determining S o the appropriate value of s for P = 0.50,

{c) Finding the /\and ¢ values corresponding to $ o using Fig-
ure 4,or kEqs. (4) and (5) of Appendix IV,

Before proceeding, however, we must I'irst decide on a method of accounting
for the variation of 6 with latitude, We shall, therefore, describe two dif-
ferent methods of solution and compare the results obtammed from vach for this
particular problem. The {first method, called the "simplified solution, " is
quasi-linear, while the second method or "complete solution’ is non-linear,
From a computational standpeint, the essential difference between the two meth-
ods is: In the simplified solution the g profile 13 introduced after integration
of the probability function, whereas in the complete solution the ¢ profile entexs
the problem before wmtegration,

We now introduce the circumftlex symbol () to denote & quantity which

C . . \ . A ,
is averagad between the initial latitude (in this cave 407°N) and latitude 9,

It will be underarood that the methud of averaging is to be specitied in cach casc

5. SIMPLIFLIED SOLUTION OF THE DISPLACEMENT DEVIATIONS

d Ve
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Weo tiest assuwrne that the mean wind 13 everywhere the same,  Intevrat-
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and

s=6(ha¥?2-6q) 6, (In o2

and, since G (1) = 0, 86,
S=0,86x1,176 6i=1.01 Gi (13)

where C)'i is expressed in degrees latitude per day, Since S is independent
of a, the solution of the deviation displacements for constant mean wind is a
circle on the earth's surface with a radius which is a function of U If we
compare Eqga. (13) and {(13a), also Eq. (14a), we see that S is directly pro-
portional to C, In fact, S =0,86C., We have seen that C represents the ra-
dius of the wind deviation circle. However, the radius of the displace.ment
deviation :ircle is not S, but '1T8f(')° s8in S, This difference aris<s because the
radius lies in the plane of the circle and not on the curved surface of the earth
where S lies. Figure 5 is an enlargement of Figure 4 on which the deviation
displacements of .the 0. 50 probability curve have been plotted for various values
of U, Since thege curves are axially symmetrical, only half of the figure is
shown, ‘

At this point we introduce the profile of U, We assume that the selution
at latitude, ¢ , is the same as the solution for a constant mean wind of mag-

o
nitude, U, where

The protile of U is shown in Figure 2, pagell, The mapping of the 0,50 prob.

ability curve for the deviation part of the solution is shown in Figure 5,

o COMPLETE SOLUTION OF THE DISPLACEMENT DEVIATIONS

lZquation (11) is reweitten:

@
&

1
p (s) =<y exp Y ; . (11b)

2
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T
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o

0 is a value of 6 appropr

iate for the population of displacement deviations

~

from 0 te S, Within the integration, 0 is a constant.* Integrating Eq. (llb):

I S - >
a,S) =|—= 8 exp | - ds
] g8 o4 28° 1|,
- 2_} |
=l 1- eXP‘ - 'ii! (12b)
3 : 6% a
:
s = [6 (h14)”é! = [C(l)d.(ﬁn4)bé1 (13b)
@ la a
S =]1.016 .
@ { ! ja (14b)
A"‘S .
We define 81 = f di dB/S .
L/Q

In general, (/S\iwili vary with a, Thus, unlike the solution for a constant

mean wind, the corplete asolution is not circular,

% The reason for this atems from the definition of a probability distribution

i ciion, To show this, we will integrate Eq, (11) in a straightforward man-

ner, considering 6 = 6(s):

does not vanish, Therefore, the above equation is not a probability function,
\7
‘i\ S‘.: I\"A\A"J\".AA.\ >'\.u n?, ' .l_n*\i\g \\;41 Aty’oa n“:'aﬂ. R .-; ; \;,ﬂ;'g‘; \l..',-,t‘..g“.a«'-_\;- PRI .,i"h N N .5.‘*:0;""';

By definition, P = 1 at § =

/\S (82\
P(S) = o, exp '(vgél ds .
Jq o] L 26“
Integrating by parts; 6
2 C I 2
i ST i ] 8 | e
E(S < l - ] -~ —— - P40 .
(S) exp[ Eda!+J 3 exp | 20‘3!d
e
hes e #Ss 2| 2!
P(S)» 1+ Syoexploe S fag s
4 0 | 26%
6q

; but, in general, the integral term on the right




Table 3 shows the results for this example, obtaincd by numerical

integration,

Table 3. Computation of displacement deviation (complete solution)

. DEGREES | DEGREES DEGREES
| LONGITUDE, LA TITUDE LONGITUDE
. ROTATED |

SYSTEM |
f a ! 81 S ) : »
; 0 13,33 13. 46 26.5 ! 32.5
: 45 14,08 14, 22 29,4 | 36,2
| 90 14,61 14. 76 38.5 | 40.2
135 12.40 12,52 s7.4 | 32.2
i 180 11,65 11, 87 51,9 ! 30.0
225 12.39 12,52 47,4 ! -32.2
270 | 24,61 14,76 38,5 | -40,2

315 | 14.08 14,22 29.4 l -36., 2

The solution is plotted in Figure 5. The difference in results from the two

methods for the deviation part of the solution is practically negligible.

7. SOLUTION OF THE MEAN DISPLACEMENT

The mean longitude displacement for a particle moving along a latitude

circle with the speed of the mean wind tfor that latitude i3
e (U sec 9) T,

In the complete solution, where we consider displacements along great circles, @,
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In the simplified. solution,

~—

NA=T (sec 6), T (16b)

Q) J/ a
N s s d
where again U = 4g~f-p-—C1—¢ and (sec$) = ° sec § ds .

a <
¢ - 40 s,

The two solutions are plotted in Figure 6. It now remains to add the two
parts of the solution, The final results are shown in Figure 7. It may be seen
that the difference between the two solutions is quite small. Nearly all of the
difference is produced by errors in the simplified solution of the mean displace-
ment, Since the mean displacement is proportional to time, there will be a
tendency for the errors to increase with time, On the other hand, the fact that
Sa also increases with time will tend to diminish the errors. On the whole, it
may be said that the simplified solution yields a good approximation.

.

8. MAPPING OF THE PROBABILITY FIELD

To illustrate the nature of the probability field, we have plotted probabil-
ity maps for an initial point of 40°N and 120°W at 50, 000 feet for January and
July, and for time periods of 1, 2, and 3 days (Figures 8 through 13). The
computation method used to obtain this series of charts was precisely the same
as outlined for the complete solution, These maps may be interpreted or used
in several ways, As a simple example, suppose that a constant-level balloon
is launched at 50,000 feet in January from the initial point, If we have no fur-
ther information, then the indicated probability gives the correct odds that the
baltoon will be located within the area enclosed by the given probability curve
after t days, Thus, the probability is 0,25 that the balloon is within the 0, 25

curve versus 0,75 that it i+ outside. Similarly, the probability is 0, 99 that

v
-

the balloon is within the 0, 99 curve versus 0,01 that it lies outside, ‘The most

probable area is enclosed by the 0, 50 probability curve,

A
Y e

With suitable refinements, this presentation could possibly be used tor

problems involving atomie fallout, I this case, we would need distribution

T, .
O
a’ .

Ed
£t

functions at several atmospheric levels, We cannotl, of course, provide detailed
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information on the amount of concentration since this is a small-scale phen-
omena, However, we can provide information on the location of high concen-
tration areas,

The foregoing prébability statements were made with the understanding
that our only available information is the time and place of the balloon launch-
ing, Now, suppose that we are given one further bit of information, namely,
the initial wind velocity, Our theory permits us to construct a different set of
probability maps which take into account this information, In the first few days,
the areas enclosing the probability curves would be smaller and the central path
would be different. With the passage of time, differences between the two sets
of maps would tend to disappear, In other words, the added information re-
duces some of the uncertainty about the balloon's location, but the information

becomes less important with increasing time,

9. THE DOWNSTREAM PROBABILITY FUNCTION

For balloon operations, the most useful probability statement.is the
"Downstream Probability Density Function" (DPDF)., 7This may be defined as

the probability density with respect to latitude of an x-displacement at least

2"y
’

f

as large as a specified value and occurring within T days. Mathematically,

this density function is expressed as follows:

E )
N

.

rorTy Ty TyTa

')

-
DPDE = P
o

T

(1 - Px L)idt . (17)

-t '
IWwe wish to interpret this function in terms ol balloon operations, we
fivst assume that a large number of balloons are launched from a single point
over a long period of time,  In this case, x and y are components measured
{rom the lunching site and t refers to the time interval alter launching, The
terin (1 - 1’\" t) represoeuts the proportional number of ballouns to be found
downstream from x at time “ {1 - l—’x. l) represents the rate at which bal.

loons low past x at time t, by (1 -p l) represents the rate at which
) ]

vt X
L]
balloons flow downstream past the point x,y at the . Finally, kg, (17)

represents the proportional number of balloons which may be expected to have
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flowed downstream past the point x,y from the time of launching to the time T.
The various steps in the computations required to solve Iiq. (17) for a
specific example are illustrated in Figure 14. For convenience, we substitute

for py,t the @ -obability for a small increment of vy, namely, Apy,t:(l;w/\ynpy) £

The DPDF must be mapped on a spherical earth and the variation of 0
and U with latitude must be taken into account, just as in the case of the polar
integration. It has been previously demcnstrated that use of the sirhplified so-
iution introduces very little error into the results. For this reason it was de-
cided to adopt the simplified solution for computing the DPDF, Accordingly,
Eq. (17) was solved for various values of U, s, y, andt, The next step is to
eliminate x by the transformation, A= x sec @ For vy we substitufe-o - OO.
We now have a table with the parameters, U, ¢)0, A, and §, This is Table I,
Volume Il. The {inal step is to substitute the values of U for U for each re-

gion, seasovn, and height, Here again

S

N P Udo

7 Lo

Us "0 0
2 0

We now have a set of tables for each region, season, and height for various
values of X L, and Q. Two such tables appear in Volume III, namely, Table I,
North “merica, and Table 1, burasia.
There are two lunitations on the downstream probability concept, In
the fiest place, on a spherical earth some air particles may take a decided
northward course and reappear at a lowar latitude very far downstream, While
would be feasible to formulate & selution which incorporates this type of tra-
tosy . we decided to esclude these cases from consideration,  Thus the com-
auten Tt ies b Volumies [hand UL refeor only to those motions which are cxden-
vhadly b © o,
The sevoend lmitation aveurs when the mean sonal wind changes sign at
sotes latitude,  This wecurs, for example, over North America at 60, 006 {eet
suremer and at 50, 000 feot in the fall for vertain imtial latitudes,  Qur solu-
L hrere gt make two gets of tables, ore far eastward displacements and

the other for westward displacements,
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APPENDIX I

Wi ANALYSIS

To obtain a complete soiution of the wind climatology problem, certain
basic quantities must be plugged into the statistical equations. These inciude
thé varietion by season, latitude, and height of the mean instantaneous wind
.and-its associated distribution ftnctions. This ic analogous to the solution to
a vast jigsaw puzzle whare many important pieces are missing,

The first ~tep in the solution was a rather comrplete survey of available
literature. Froun: thia we wetre able to deduce a somewhat skeichy Lroad-scale
nicture of the wind distribution at upper leveis over the earth. It became im-
mediaiely appareut that for more details we would have to resert to indirvect
or '"bootstrap' techniques,

One of the desired quantities is some measure of tha distribution asso-
ciated with the mean wind. I the wind is normally disiributed, a siugle para-
meter, svch as the standard vector deviation or the canstancy {ratic beiween
the vector mean wind and the scalar mean wind), can ve used. ) Far cenven-
ience and ease of computation, it was decided to compute the wind constancy,
To minimize the nown bias in the observed unper wind records, the diifer-
ence inethod of avera.;{ing! wes used throughout the study.

We decided to concentrats on an intensive analysis «f three data soutces:
(@) a Y-year record ol 15 U, a. Weather Ruraas Stations; (b) 2 series ol 3 to
4 years of upper aiy synopfic maps of the West German Moteorological Ser-
vice8 at 3 levels: 500 mb {20,000 £t), 225 mb (36, 000 £t) and 96 mb {54, 000 {t);
and {¢) rawinsonde records {rom Berlin and several other Geemas stations.

Bach of the German synoptic charts for the monihis of January, April,
July and October was photographicelly enlarged to o sise of 159 by 20, and
isotachs (hines of equal wind speed) were constructed, using the computed
geostrophic winds as well as obacerved wind speeds,  From tae d!t.':i.:l‘\,:;-ﬂl‘d x:‘}mrts.
mean vector and scalar winds were computed for each latitude, season, and

Lo . . : UL ant ' : .
height, corbining the data tror iongitude 307W to 307 1 into o single statstic,
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In all, 1000 maps were analyzed and 35 wind values coaiputed from each map.
The United States data were summarized bv punched cards, The ratio
between the scalar winds at any level and sorme standard level was the most
stable statistic that could bz found, For this reason all the data were re-
duced to ratics between the scalar wind speeds at piven levels and the cor-
responding scalar winds ar & xilometers. Swnmmarised vaiuves of this sta-
tistic were smootned by harmonic analysis avd matoned, level for level, with
similar data from Europessn sources. in this wvay the latitudinal variation of
the scalar ratio was astablished, For tevels above 6 mb :bo German wind
data were used in the romparisen. These were supplomented by data from
manuscript Northern Heomisphere synoptic maps for 1953 a6 100 mb (53,000 ft)
and 50 mb (65,000 1t). hgure 15 1s an exampie of one soei of ratio ana.‘lysis,
The trough lines in the upper portion of the chart delineate the houndaries of
the orites,
Having establishoed the scalar wiad ratioa, tlwas then possible to com-

pute reliable scalar wind spceds by mulitplyine the ratros with the appropriate

mean scalar winds at S00 mb which are knowe with coovger. bie accuracy,

This left the vector mean winds to be doeitornaeeedd,  Itwas found that this

M

statistic was diificult to determine accurately o v 2 limited sample because
ot variations in wind divection, An intensive study of the 500-mb United States
data led to the discovery that a remarkably copsnistent relatwnship exisied be-
tween the scalar amid vecroe roeanwinds., 1t o v et known that strong winds
Are more constant than weat wmds, Soce the vobio bhetween the vector and
scalar el s o measure o 0 od constancy. this ratio should vise as the wind
mcreases, Mhis woas foind o be the case, 10 was also found that the preseunce
of the roean Jet Stream oroduces an addirionn inerease in consgtancy over and
above ne effect of wind speed alone, This citeer s also known qualitatively,
These relationships are shown in Fledre 1o, The Gepree o whiteh “he United
Statey HOU anb data Dt d the derived curses o ot d the posaibility that thisg
was @ nmversal statigtioal baw governing the weasterhies,  Attempting to verily
this augeestion <irtngently, ae used test dada from o dsant region, a remote
tevel, wnd tor a4 dfferent time periad, saomety, the 90 il wind dada for Furope,

Tabte 4 sbhow s the exvellent eesults of thes test, Consecuently, e may conclude
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that the mean wind uniquely determines its distribution function,

Table 4, Correlation of test data (96-mb winds ; kts over Europe)

MONTH LATITUDE SCALAR WIND VECTOR WIND
Predicted Observed
Jan 70 37,0 27.2 26,9
Jan 60 46,3 37.4 36,9
Jan 50 37.4 27.5 . 26.9
- Jan 40 37.6 ' 27.6 27.0
. Jan 35 40,9 32.1 31.3
'~ Apr 70 27.3 S 19.3 17.1
. Apr 60 28,8 20.6 21.4
i Apr 50 22,9 15,3 13,4
. Apr 40 29.0 20,7 . 19.9
© Apr 35 35.7 27.0 + 28,3
. Jul 70 16.9 8.5 7.0
I Jul 60 20.0 12,4 11,6
Poodul 50 20, 6 13,0 11,0 !
L Jul 40 24. 8 17.2 16.7 |
¢ Jul 35 26.8 18.9 21,0 |
Oct 70 2.5 19.5 19.8 |
Oct ' 60 : 28,6 20.4 19,8 ’
Oct 50 ° 25,3 17.6 16,0
Oct 40 27.5 19.5 . 18,0 |
Qct 35 29.7 21,2 21.9
i
i

Correlation coefficient, r = 0,99

A similar relationship was derived for the easterlies from what little data
were available, Considerably less confidence can be placed in these results,
Nevertheless, indications avethat the high-level easterlies are extremely con-
sgtant winds,

Using the data from Iigure 16 we computed the relation between the vec-

tor mean wind and the standard deviation (FFigure 17),




APPENDIN IT

UPPER WINDS OVER EUROPE AND NORTH AMERICA

The mean zonal winds and standard deviations used in this study are
presented in Table 5, Above 54,000 reet the sparse European data.was sup-

plemented by more complete data froimn North America, 7Thus the winds at

high levels in Europe, while not as reliable as the lower winds, may be re-

garded as a first approximation to the true winds, The standard deviations

in Table 5 are taken from Figure 17, Appendix I.

Figures 18 through 23 summarize the important variations of the winds

in Table 5, namely, seasonal, latitudinal, and vertical, The 80,000-foot
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ypical for the region above R0
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, iTChe 10, 000-{cot curves

are characteristic of the layer below 50,000 feet.

1. SEASONAL VARIATION (Figures 18 and 19)

The seasonal variation of winds at 40, 600 and 80, 000 feet over North
America at 40°N {I'igure 18) and Europe at 50N (I'igure 19) was obtained by
harmonic analysis. Gver baoth repions a single wave was sufficient to repre-
sent the 80, 000-foot data while two waves were roquired to it the 40, 000-foot
winds.

The 80,000-foot seasonal variation for both continents consists of a

gingle maximum of westerlies in midwinter and a single maximum of caster -

«
l' . r
etelae

1 ¢ =

lies in midsummer with reversals of dicection in April and September,

“

g
D Liskdt " 2 P

b

At 40, 000 feet the double4vave structure i the westerlies is very pro-

4

nounced in Burope and quite small in Novth America, There are two distinet

o 8y
O.?.

maximi in Burope, the primary m Maech wnd the secoadary in November; and

two minima, the major in August cud minor in February.

e e a
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et et et
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By contrast, the
North American curves shew @ very pronounced masimum of 100 kts in Januvasy

and a mers supgyestion of & secondary maxboum i Jule,  The eflect of the
second wave in this cage s to fatlen oul the sunucer mipimum (that iy, casts

erly maximung) so that the mean sonad aind s trivally constant tram May
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through September. Note that the North American winds are more than twice

as strong as the European winds in winter at the 40,000-{oot level.

2, LATITUDINAL VARIATION (Figures 20 and 21)

At 40,000 feet both the winter and summnier latitudinal profiles for North
America each show a single, sharp maximum (Figure 20} while the corres-
ponding curves for Europe display doutle maxima (Figure 21). A .comparison
of the January and July curves rev:ils that the European maxima at 60°N and
33°N remain fixed in position, whereas the single maximum over North Amer-
ica migrates northward from 40°N in January to 45°N in July. Note also the
difference in range of the mean zonal winds with respect to latitude in North
America as compared with Europe. The range is far greater in North Amer-
ica than in Europe, being more than three times as great in january and in
excess of twice as large in July. |

Of considerable interesi is the transition zone in the vicinity of 50,000
feet where the Eiuropean winds change from a double maxima pattern below to
a single maximum above, while the North American profiles change in pre-
cisely the opposite direction from a single maximum below 50, 000 feet to
double maxima above.

In Lmuary the westerlivs at 80,000 feet over kurope reach a broad
maximum at 60° N, while in North America the mgjor maximum 1s north of
70°N and there is a secondary peak at about 379N, In July the winds are
easterly above 50,000 feet at 21l latitudes over boeth Murope and North Amer-
ica, In Europe the easterlies vary only slightly with latitude from 259N to
75°N.  There is a flat maximum in the vicinty of 559N, In cuntrast, the
summer high-level casterlies over North Ameriea have two maxima, one
north of 75N and the other south of 22" Ay i the case of the winds bes
low 50,000 feet, the uppoer<tevel ainds over North Ajnerica have o muchlargey
range than the uropenn winds, the taage at 50,000 teet heing more than gix

timed as qreat inowinter and Sve Himes o Warge 0 sumner,
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L 3. VERTICAL VARIATION (Figures 22 and 23)

The variation with height of the mean zonal wind is similar for North
America and Europe, The mean zonal wind reaches a maximum at 40, 000
a feet throughout the ye;a.r between 25°N and 75°N. In January the wind de-
creases with height above 40,000 feet to a minimum, then increases again
up to some level, presently unknown, Over Europe the minimum occurs
at 70,000 feet; over North America, at 80,000 feet or above. Theh level of
minimum wind does not appear to vary significantly with latitude, In July
0 the wind also .decreases with height above 40, 000 feet. In the vicinity of
60,000 feet the direction reverses from West to East, Above this level
the easterlies increase with height, Over North America, to the nosth of
70°N and to the south of 300N, the winds are easterly at all levels in summer,

In middle latitudes in January the westerlies over North America are
strenger at all levels than over Europe., The greatest difference occurs at
- 40,000 feet, the level of maximum wind, where a speed of 100 kts occurs
in North America at 40°N as compared with 45 kts in Europe at 35°N,

(Note the two latitudes selected for this comparison both lie along ox near
the horizontal axis of the mean wind maximum for the region in question.)
In summer it appears that the maximum easterlies occur above 80, 000
feet in North America and neaxr 80,000 feet in Europe. Of special interest is
the tact that the high-level easterlies have the greatest constancy of all the

wind regimes we have studied,
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APPENDIX III

VARIATION OF THE STANDARD DEVIATION WITH TIME

We have adopted the classical diffusion theory developed by G. I, Tavlor, !
He considered a fluid containing uniformly distributed, sﬁlalbscale eddies which
produce diffusion by continuous movement, We have adapted this theory to
large-acale eddies of the geneval circulation, '
If R, is the correlation between u (the West - East wind component) at
time t ang u at time t+¢, where ¢ 12 a small time increment, then Taylor shows

that
5 t rt
6° (x) = 26" {u) - f j R, d¢ dt (1)
) ) 5

where ¢ (¥) is the standard deviation of x~diaplacements (that is, West - East
digsplacements) aad § (u) is the standard deviation of the wind,

The solution of this eyuation depends upon the form of the auto-correlation
function, RF . Brunt? derived the following exponential form for this function by
considering a fluid where edcies are all the same size:

-a ¥ «
R§=‘~ed' (2)

where a 15 a constant depending on the size of the eddies.

Substituting Eq. (2) into Eq. (1):

f‘l' 14
9 b L ae
G°(x) = & 6%(v) J / ¢ U0 dé dt .

I o
O‘?‘ 333 I
Integrating -u.,»(-;ﬂ-: X é-; (e 1) {3)
g=fu)  a as
- g (x) .
0¥ wenw GT) {4}
0 {w)
PN o 142
where GiTy e S LB e Y § f4a)
A a” !




We have seen that the function G(T), which defines the ratio between §{x)
and O(u), is obtained by integrating the auto-correlation function, R_, twice
with respect to time. If the eddies are all of one size then the auto-correlation
function is exponential and the G-function has the form given in Eq. '4a).

Obviously, eddies in nature are not of a single size; therefore, R, is not
strictly exponential, However. the principal concern here is not the exact form
of R, since any errors in this function are smoothed ovt by the double integra-
tion required to obtain G(T). The important considcration is the degree to which
Eq. (4a) approximates the actual G-function,

To see if Eq. (4a) does in fact closely approximate the actual G-function,
we computed G(T) directly in an Eulerian system of coordinates {(where mea-
surements are made at fixed points in space as time varies), The ad\;antage of
this system is that computations are made from actual wind data. This affords
the opportunity of determining the G-function for as long a time period as'desired.

Actually, we are interested in the G-function for a Lagrangean system
(where measurements are taken along the path of a moving particle), but limited
samples of trajectories restrict computation of the function to periods of only
2 or 3 days., However, there is no reason to assume that the form of the G-func-
tion will be different in the two systems. Therefore, we may use the Eulerian
computations to determine the form of the G-function.

The Eulerian computations were made using German wind data at 50°N
for 225 millibars, Winds were resolved into u and v components and the ratios
%E% and —g—%"; were computed at l1-day intervals up to a period of 6 days, It
wasg found that the two ratios have identical titne variations, thus GX(T)=Gy(T).
Furthermore, the G-function is very closely approximated by liq. (4a) with
e 20,6,

While there is every reason to expect that the form of the G-function is
the same in both the Eulerian and Lagrangean Vsystcms, it should not be antici-
pated that the constant, e”>, is the same in the two systems, In fact, we would
expect this constant to be smaller in the Lagrangean system, since space as
well as time variationsg are included in the ~omputation of G(T). We will now

discuss tnree sepavate estimates of the Gefunction in Lagrangean coordinates,

All three estimates show the expected smaller value of the constant, e~ % |
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A sample of 55 Moby Dick constant-level balloon trajectories at about
200 mb was used in conjunction with associated upper air charts to compute
values of%i(% = G(T) for time intervals of 12, 24, and 36 hours. A value of
e = 0,4 was obtained,

Another value of e~ ° was computed from trajectory distributions cal-
culated by Spreen (unpublished report) from about 3000 geostrophic trajecto-
ries, constructed from upper-level charts of the West German Weather Ser-
vica, Bad Kissingen, Germany. 8 The value e © = 0,4 was again obtained.

R, R, Ra.pp10 computed an empirical distribution from a sample of
179 rrajectories at 500 mb for two fall seasons. Using Taylor's development1

& - 0.5, he calculated the circular normal distribution

and assuming that e
for the same sample., The XZ test revealed no significant difference between
the empirical and theoretical distributions; therefore, Rapp concluded that.
the valve e > = 0.5 , which he had chosen, was reasonable, .

On the basis of the above studies we chose ¢ = = 0,4 as being the most
represantative value, Substituting this value into Eq. (3) we obtain:

1/2

6(x,T) = V2 6(u) | L.0917T - 11919 (1 - [0.4] T (5)

This equation specifies the variation of §(x) with time,




APPENDIX IV

SPHERICAL TRANSFORMATION

Consider a coordinate system X, y, and Z on a spherical earth, This
coordinate system is rotated relative to the conventional coordinates x, vy,
and z in such a way that the X and Z axes are both inclined by an angle § =
:g—— 00 tc the x and z axes, respectively, while the ¥ axis coincides with

the v axie., (See Figure 24.) The angle, OO, is a fixed latitude on the real

earth,

z Z
3 /
/ pi %2
. / X,Z
R ®
? ]
' /
2t X
: Xt
\\
\\
\ —
=X
' Figure 24, Spherical coordinates Figure 29, Axes x and 2

Any arbitrary point, P, on the sphere has coordinates x, y, and 2 in

. the conventional system and x, y, and ¢ in the rotated system, We wish to
< find the relationship between these two coordinate systems, Sincey =, we

already have one such relationship, hence the peoblem reduces to two dimens-

sions, {See Figure 23.) Thus,

Xsx8ind +Zcosd
: , 0 3
'; ;i Y = y (1)
v ] z=z2z8inP ~xcos® .
a L o [¢]
X Introducing the following notation:
N K, radius of the ea:th,
3 . .
3 Angles (degrees): Rotated System Conventional Sysiem
Y s, vo=latitude 0, latitude
: : @, ltongitude . longitude
3 49
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In the rotated coordinate system:

R sin s cos a

»
]

R gin 8 sin a

R cos s (2)

<
1

N
1)

In the conventional coordinate system:

R cos @ cos

X =
= R cos @ sin ~
z =R sin § . (3)

Eliminate x, y, z and %, y, z from Eq, (1) by substituting Eqs. (2)

and (3) to obtain @ and M in terms of (bo, s, and a. .
The final result is:

2

=
"

cos8 gin" 8 1l - cos2 (BO (1 + COBZ o.)_i

2 o
¥ cos (60 + )2 sin 28 cos 2 90 cos | (4)

ctn A = ctn a sin 00 + ctn 8 cos ﬂo csc a 5}

. o v s
«oat,
-

. . . on N
. . N [ : . . DI SN [ * % N LML T TR AR Y
R et e S e ., T T T A AP S, LA S LA TACINU I . v
NEIP . PR LN R RSP e LI LR R YN . o ot o “ e
AACIRIRN « K] el - gt . « N Lt M . R SR I L
-, L . . - L . - < - . . . [N -
RS e Lot PR T AT S S R N U I R P RO T
et ws '\A.'.A‘.ﬁ‘ T N P T I T S A S I S S ety e P
3 S TR Ve lP G R T P G Sl P R T R T N . Sttt et S A e T [EERCELN
L el Wl IR T WY T el TP T L) P R R .
el RN AN RN AN AN A N ey s %

-




REFERENCES

Taylor, G. I., "Diffusion by Continuous Movement, ' Proc,, Lond,
Math, 3o0c. 20, Series 2, pp 196 (1922)

Solot, 5, B, and Darling, E, M., Jr., 1958, Wind, Ch, 5, pp 5-56
to 5-73, Handbopk of Geophysics for Air Force Degigners, Geo-
physics Research Directorate, AFCRC (in preparation)

Brooks, C. E, P,, Durst, C. S, Carruthers, N,, et al, "Upper
Winds Over the World," Met., Office, Geophysical Memoirs .
No. 85, Vol 10, No. 5, M. O. 499C, London {1950)

Brooks, C. E, P., and Carruthers, N, Handbook of Statigtical Meth-
ods_in Meteorology, M, O, 538, Ch., 11, Her Majesty's Stationery
Office, Liondon (1953)

Buch, Hans S., "Hemispheric Wind Conditions During the Year 1950, "
Final Rpt Part 2, Gen, Circ, Proj. No, AF19(122)-153, Dept. of
Meteorology, Massachusetts Institute of Technology, Cambridge (1954]

Court, Arnold, "Vertical Correlation of Wind Components, " Sci. Rpt
No, 1, AF19-604-2060, Cooperative Res. Found., Calif, (1951)

Seolot, 8, B, and Darling, E, M,, Jr,, "A Note on the Difference

Deu'schen Wetterdienst in der US- Zone, 1950-1953: Taglicher Wetter-
bericht, Zentralami Bad Kissingen, Januar, April, Juli, Oktober

Brunt, David, Physical and Dynamical_Meteorology, Ch. xii, Sect 157,
pp 263-264, Camb. Univ. Press (1941)

Rapp, A, R,, "The Distribution of the End Pointa of Air Trajectories,"
Rpt Ne, PP-496-A, The Rand Corp., Santa Monica, Calif, (1954)



GEOPHYSICAL RESEARCH PAPERS

No. 1. Isotropic and Non-Isotropic Turbulence in the Atmospheric Surface Layer, Heinz Lettau, Geo-
physics Research Directorate, December 1949.

g No. 2. [Effective Radiation Temperatures of the Ozonosphere over New Mexico, Adel, Geophysics
Y R-D, December 1949,

No. 3. Diffraction Effects in the Propagation of Compressional Waves in the Atmosphere, Norman A.
Haskell, Geophysics Research Directorate, March 1950.

No. 4. Fvaluation of Results of Joint Air Force-Weather Bureau Cloud Seeding Trials Conducted
During Winter and Spring 1949, Charles K. Anderson, Geophysics Research Directorate,
May 1950.

No. 5. Investigation of Stratosphere Winds and Temperatures From Acoustical Propagation Studies,
Albert P. Crary, Geophysics Research Directorate, June 1950.

No. 6. Air-Coupled Flexural Waves in Floating lce, I, Press, M. Ewing, A. P. Crary, S. Katz, and J.
Oliver, Geophysics Research Directorate, November 1950,

No. 7. Proceedings of the Conference on lonospheric Research (June 1949), edited by Bradford B.
Underhill and Ralph J. Donaldson, Jr., Geophysics Research Directorate, December 1950.

Na. 8. Proceedings of the Colloquium on Mesospheric Physics, edited by N. C. Gerson, Geophysics
Research Directorate, July 1951,

No. 9. The Dispersion of Surface Waves on Multi-Layered Media, Noman A. Haskell, Geophysics
Research Directorate, August 193],

Noo 10, The Mensurement of Stratospherie Donsity Distribution with the Searchlight Technique, L.
Flterman, Geophysies Research Directorate, December 1931,

Noo 1. Proceedings of the Conforence on lonospheric Physics (July 1050) Part A, edited by N, G,
Gerson and Ralph J, Dounaldson, Je., Geophysics Rosearch Divectarate, April 1952

Nuo 12 Proceedings of the Conference on lonaspheric Physies (duly 1050) Part B, edited by Ludwig
hatz and N, (. Gerson, Geophysies Reseaceh Directorate, April 1952,

Na. 11, Praceedings of the Colloguinm on Miceawnve Metoorology, Aerosols and Cloud Physies, edited
by Ralph [ Donaldsen, Jr., Geoplivsics Resenrch Directarate, May 1952,

Now b Aunespherie Flow Patterns and Theie Represontuation by SphericalSurface Harmonies, B, Haur
witz and Richard A, Graig, Goophysics Rewearch Directorate, July 1952,

o, 150 Back-Seattoring of Electromagnetic Waves From Spheres wod Spherical Shells, Ao 1, Aden,
Goophesies Hesearch Directorate, July 1952,

Ny 100 Nates o the Theory of Laege-Seale Disturbanees in Atmospheric Flow With Applications to
Namerical Weather Prediction, Philip Duncan Thompaon, Major, U, S0 Ale Poree, Geophysies
Rewearch Directarate, July 1932,

L g /r'rr_..___‘

N, Q‘.‘

J..a..,.gx:\.p ‘h.-_



No. 17.

No. 18.

No. 19.

No. 20.

No. 21.

No. 22.

No. 23.

NO. 24|

No. 25.

No. 26.

No. 28,

No. 20,

N()o 30-

Na. 31,

GEOPHYSICAL RESEARCH PAPERS (Continued)

The Observed Mean Field of Motion of the Atmosphere, Yale Mintz and Gordon Dean, Geophysics
Research Directorate, August 1952.

The Distribution of Radiational Temperature Change in the Northern Hemisphere During March,
Julius London, Geophysics Research Directorate, December 1952,

International Symposium on Atmospheric Turbulence in the Boundary Layer, Massachusetts Insti-
tute of Technology, 4-8 June 1951, edited by E. W. Hewson, Geophysics ResearchDirectorate,
December 1952.

On the Phenomenon of the Colored Sun, Kspecially the ‘‘Blue’’ Sun of September 1950, Rudolf
Penndorf, Geophysics Research Directorate, April 1953,

Absorption Coefficients of Several Atmospheric Gases, K. Watanabe, Murray Zelikoff and Edward
C. Y. Inn, Geo, - vsics Research Directorate, June 1953,

Asymptotic Approximation for the Elastic Normal Modes in a Stratified Solid Medium, Norman A,
Haskell, Geophysics Research Directorate, August 1953.

Forecasting Relationships Between Upper Level Flow and Surface Meteorological Processes,
J. L George, R. O. Roche, H. B. Visscher, R. J. Shafer, P, W. I'unke, W, R, Biggers and R. M,
Whiting, Geophysics Research Directorate, August 1953.

Contributions to the Study of Planetary Atmospheric Circulations, edited by Robert M. White,
Geophysics Research Directorate, November 1953,

The Vertical Distribution of Mie Particles in the Troposphere, R. Penndorf, Geophysics Re-
search Directorate, March 1954.

Study of Atmospheric lons in a Nonequilibrium System, (. G. Steegis, Geophysics Research
Directorate, April 1934,

Investigation of Microharomatric Ouscillations in Kastern Massachusetts, B A. Flaweand, A, H,
Mears, I, A, Growley, Jr., and A, P, Crary, Geopliyaics Rosearch Divectorate, May 1954,

The Rotation-Vibration Spectra of Ammonia in the 6« nnd 10-Micron Repgions, R, G, Breene, Jr.,
Cuapt,, USAF, Geophysics Research Directocate, June 1954,

Seasonal Treadw of Temperature, Donsity, und Presgure in the Stratosphere Obtained With the
Searchlight Probing Technique, Louiw klterman, July 1954,

Praceediags of the Confersnce on Aurorul Physics, edited by No €. Gerson, Geophysics Re-
search Directorate, July 1954,

Fop Mudification by Cold-Water Seediag, Vernon G, Plank, Geophysics Research Directorate,
August 1954,




No. 32.

No. 33.

No. 34.

No. 35.

No. 36.

No. 37.

No. 38.

No. 39,

NO. 400

No. 41,

No' 425

No. 43,

N()u ""o

No. 45.

Nu. 46.

GEOPHYSICAL RESEARCH PAPERS (Continued)

Adsorption Studies of Heterogeneous Phase Transitions, S. J. Birstein, Geophysics Research
Directorate, December 1954.

The Latitudinal and Seasonal Variations of the Absorption of Solar Radiation by Ozone,
J. Pressman, Geophysics Research Directorate, December 1954.

Synoptic Analysis of Convection in a Rotating Cylinder, D. Fultz and J. Corn, Geophysics
Research Directorate, January 1955.

Balance Requirements of the General Circulation, V. P. Starr and R. M. White, Geophysics
Research Directorate, December 1954,

The Mean Molecular Weight of the Upper Atmosphere, Warren E. Thompson, Geophysics Re-
search Directorate, May 1955.

Proceedings on the Conference on Interfacial Phenomena and Nucleation.
I. Conference on Nucleation.

II. Conference on Nucleation and Surface Tension,

IIl, Conference on Adsorption.
Edited by H. Reiss, Geophysics Research Directorate, July 1955.

The Stability of a Simple Baroclinic Flow With Horizontal Shear, Leon S. Pocinki, Geophysics
Research Directorate, July 1955.

The Chemistry and Vertical Distribution of the Oxides of Nitrogen in the Atmosphere, L.
Miller, Geophysics Research Directorate, April 1955,

Near Infrared Transmission Through Synthetic Atmospheres, J. N. Howared, Geophysics Res-
search Directorate, November 1955,

The Shift and Shape of Spectral Lines, R. G. Breene, Geophysics Research Directorate,
Qctober 1955,

Procaedings on the Conference on Atmospherie Electricity, R Holzer, ¥, Smith, Geophysies
Research Dicectorate, December 1033,

Methods and Results of Upper Atmospheric Reacarch, J. Kaplan, G. Schilling, H. Kallman,
Geophysics Research Directorate, November 1955.

Luminous and Spectral Reflectance g Well as Coloes of Natural Objects, R, Peandod, Geoe
physics Research Dienctorate, Febeuary 1956,

New Tables of Mie Scattering Functions for Spherical Particles, R, Ponndosd, 13, Goldberg,
Geophysics Research Directorate, March 1956,

Results of Numerical Forecanting With the Hacotropic and Theematrapic Models, . Gates,
L. 8, Pociaki, C. . Jeakins, Geophyaics Research Directorate, April 19306,



v,
r
2y

s

I

.\,"‘"\
1"::'
-~ ‘,‘l
oo
=0
v
ot

No. 47.

No. 48.

No. 49.

No. 50.

No. 51.

No. 32,

XD. 5:‘).

Now 3k

No. 33,

No, 36.

.\fh -‘)'\.c

Ne, 58,

GEOPHYSICAL RESEARCH PAPERS (Continued)

A Meteorological Analysis of Clear Air Turbulence {A Report on the U. S. Synoptic High-
Altitude Gust Program), H. Lake, Geophysics Research Directorate, February 1956,

A Review of Charge Transfer Processes in Gases, S. N. Ghosh, W. F. Sheridan, J. A. Dillon,
Jr., and H. D. Edwards, Geophysics Research Directorate, July 1955,

Theory of Motion of a Thin Metallic Cylinder Carrying a High Current, C. W. Dubs, Geo-
physics Research Directorate, October 1955.

Hurricane Kdna, 1954: Analysis of Radar, Aircraft, and Synoptic Data, k. Kessler, Il and
. Atlas, Geophysics Research Directorate, July 1956.

Cloud Refractive Index Studies, R. M. Cunningham, V. G. Plank, and C. F. Campen, Jr.
Geophysics Research Directorate, October 1956.

A Meteorological Study of Radar Angels, V. G. Plank, Geophysics Research Directorate,
\ugust 1956,

The Construction and Use of Forecast Rejisters, L. Gringorten, l. Lund, M. Miller, Geo-
physics Research Directorate, June, 1956,

Solar Geomagnetic lonospheric Parameters as Indices of Solar Activity, I, Ward Jr., Geo-
phvsics Reseacch Directorate, November, 1956,

Preparation of Mutually Congistent Magnetic Charts, Paul Fougere, J. McClay, Geophysics
Research Directorate, June 1957.

Radar Svuaptic Analysis of an Intense Winter Storm, kdwin Kessler I, Geophysics Research
Directoeate, Octoher 1937,

Meun Monthly 300 wb and 200 mb Contours and 500 mb, 300 mb, 200 mb Temperotures for the
Northern Hemisphere, B0 W, Wahl, Apeil 1958,

Thewey of LargesScale Atmospheric Diffusion und its Application to Air Trujectories, 5. B,
Solot and b M. Dacliog, Je., June 1938,

ML D o et

A .
ORI Y
R

v, . RN
B LY . - N
e e P PO R Y . v o .
0 . R TR R RS PR PN TR . AR N RN
‘_ R ; LIRS .: “. K. ‘*\- . e .,.. :n B “« .,-'“ .Q~ .k:* ,«\?". . ..'-“ ‘h"‘. .
At e R Y SRt Y R S Y P o N Wt A
PRI W TR TR Y WP S R, ST R T T D O S A s th At




QALAISSVTIONN MA.H@\,mowvﬂ.vav uolldUNg £AITSUHP [RLWIIOU AIVIITATG wr
‘@oeyans s,oa9yds ' uo jutod uosld ' wosj Aurivuiiide
| 2101338d ® I0J 2WT] JO UOTIDUNJ ® s® pa1f Anjigegosd

2y3 SUIUTUIIDIAP JI0F suwdu B $apisoxd Lioo4yl siyg
_ *IDBJINS [9AI[-JURISUOD ® UO IAOW O} PIUIEIISUOD
sa1o13aed I1R YO ‘SIIPPY I[ROS-28I¥] AQ ‘UOISNIIID O3
surelrad AI1094) JURIMSDII 24 ] ‘*HUOTIIEINDIID [eIousd
241 JO I[®OS 9YJ UO SUOIICW 0} pIICEPE ST JLIUWIDAGHL
snonutjuod Aq uolsnyirp jo Adcayl s,acidel 100
1iodax paryrsserousn
{(1822-85-WIL~-DUD IV 85 ON S1adud 4dIuaw
-2y 1eo1shydoan) sarqes sn(ricpourtdig “ggéy uny
‘rap ‘Junaeq "W CF pue 10105 ‘g ‘S Aq ,, ‘SITHOL
AL W CF ‘Bullied I -DJALVHL YIV OL NOILVDITAdV S1I ONY NOISn 4
‘d S 10708 I | -AId DTUHAHASOWLY FTVIS-dDUVT 40 AHNOTH]
uots
-nJy1g - areydsowsly g ‘ssey ‘proipag
uoTio | - sisydsouny 7 MIBIOIDHIUT UDIBISHY gorshydeary
Ax01080e1 ], UoOIIEY 1 aajuan &Uum.mex ~ApraqWed) 23103 Ity

_ AIIJISSVIDONN 605791 UV
C e e — e A Gy T T T o — e — =
AdIZISSVIONDN S2qliDsSIP UOTIDUNY A}ISUID [BLUIOU IIRIICSIG oy ]

*pPoeJINS 5,219Yyds ® uo jurod UIAIR ¥ UloI} FUIIRUTHIIEG
o(orxed e 103 W} JO UOIIDUN] ¥ sE P} Adjiqegosd
2Yy7 BUIUTWIIIIP I0F SUEBIW B sapiacid AIcayl sigpl
*90'JINS [9AD[-IUBISUOD ® UO IAOWI OF PYUIRIISUOD
saponand a1e Jo ‘s2TPpa Aeds-ddiv AQ ‘UOISNIIIP 0
suteiaad A1092U) IMVINSDIT FUT °UOIIB[NIILID [BRIILEIY
943 3O 21B2S 9uU3 Uo SsucIow 0} p2idEpr §1 JUIWIACTE
snonuruod Aq uolsnyytp jo Aioayy s, aofhwy ‘1'0y
j1odaa partjisse[auf
(182Z-84-Y1-DUDAV 8¢ ‘OoN saadug yraves
-2y reo1sdydosn) sorqedtsniicpur-dig *§G61 Uty
‘carp 'duilreg ‘W d PU® 10710S 9°S A, ‘SHIUOL

XL W Cd ‘Burpreg cpp [ ~DWULWVYIL dIV OL NOILVDITAdY SLT UKV NoOIsnd
g S ‘3ejog 1 | ~JI0 DIMIHJSOWLY ATVOS-3DEVT 40 AHdO3IHL
uols
~nJFig - a21sydsouny ‘¢ ‘SHEPN ‘RPIOIpA

731030100 1] UdIn. 82y 8315hydoany
AEprIqUIED) ODIvE 1Y

606251 %

uorjo - axaydsowly °7
Azodalea] uoorreqg °1 I2JUTD) YIIBoSHY

AJIAISSVIDONN

*

J—

—_—

v -

CALIISSV IS ﬂuww@\. o s
. i PO
1y go e
sy Harmgassa vpen And 8
: .,f.lvﬁ.w# G FED & A
Eapmigand A28 Gy tE
X wing ey aef Ao g
- ot i SRS
A Tl 5 LE e
TEEOCCIY M OCHGBIENC TN -SdSVHL WY o

“HOTE e )
oy
X g0

" 230 DMFHASINS

~TRFNL -
GOTOL, = 3o
Aaenoalray un
GALAINEY

- e e e . " . A\h ; .
CALASEYIONG AUEEE DE S HOIANTY AMen D (MRIION A

ot Gante v od) Pl

SR UL TS ey
18 po S0tk
BARLS ;«.F:,ﬂw S AR
TR TTRERE
SFLCIFE T O DR
o suatryzod Aoy serg
Ut fer pEBE A O S e SHotE ] poplen S1 15

v CehoakERes A molstiiipio fieon; o, ek 2 4f

it B pop o

P
Y T T

o .kma. AR X

e f Sp P& FEGwE.

oalog potiion pYIuy
S Hwe-sy

“BTOBE

sHwis v
'S wieg
Bone
=300 - odogdvotiry

ap e A
"

TEwry s 5

mer =

1P BPLICT . BCC U0 GOBL . Ao oy LR RNTR Y PN A Y

XX L RPN PR TR FEIEE XY

BTN ~ soydsouniy 0P i B Qnu:iug AL w,.n oy @ ‘ i : .
Asesales g doopivs  *f m., ERST Eae WERELEL S SN b BERCE L 4 Y
CHIAISEVTLNS i OS] G ¥
5 £ mttazoen 7 =ma . - S e T -
et @®a. o arvese - 9 A& < » . I E R ntor > v

vense .

e wera

Ceamw




*Re o - s

e iz s

e

SPRAINPOI T BE U0 YIS ANE
e

ST IRLIGESL FAY TPILL .g:.aa

TREOIIF Ay Fagod o Jussasda s

o5 Ay

N el Uy

?0\_.? PG .

Ry a.w».h:_. s
- PPNV
K S I

ARSI

.AGOe &t ..t s @BG PR v PO® L B S _£s .0 o caBGs G eassesoer SEWS. 2, r . 4. rEORe 82,8 8.8 s6tSe - e Aeen - R T N
| W08 03 WOY 33P0 purIn[ '3dy ‘uTr J0j Trseing pu® | CRIAISSY o A0 03 NGE I I PR Thg S9N (GrE A6 § TIavirny puv
JIIJISSVTIONNA ®DIAIWY Y3ION (7) PUB PUIM UBDUI JO SIN[RA JUBISUOD | - i DT ANEIY GIIGN {P) PET PULM SEAEE FO SINIPs TNL1S 03
snorxea (1) 205 (1L62S1-AV) II1 10A PU® (0LSZSI-QV) CeRetIEA ({§ros{]isPe OV I oA PET {HAsT i -CY)
I oA ut pajussaad aae saiqes uorjouny Ljrjigegosd b5 oA 0 porcansdd 04w soe Ry e ISwal mvn;m&a@u,&
weaajsumod *shep I UIYIIM SUIIINIIO *IRIEA PITFID ] IO IEUMOCT TEALD | GIGHe TEISERINm Coanies Pos3LY
-ads ® se a8ae se 3s®al e JuswasedsIp 3598 ~35] ﬂ ade € oar SHIR) S¥ I8PO) §r TESI s I3y -leed
u® jJo apnjire] 03 31024591 yitm Ajisusp Arjiqeqoad G Jo opnitaey o) Wadeos it Alsa.p Lastrargosd
SOUTJSP UOTITUNY STU] °*PIINPOIJUT ST UOTIIUNS A8 ! | sautpap HOnIG0G S¥T
~uap Ajrqiqmqoad weaxisumop jo 3doouod Iy ‘Suoi3 I ! ~2ap AauprgegoLsd ﬁnﬂktunt?@% 26 Wadred w1y fenesl
-exado uooifeq o3 L1091 uoistyjp Burhidde up o ¢ ~wiado deo)ry 03 Azoag) Uotsniid Tt iidde u
HTes o1wole o3 @2iqesitdde st uorIouny UOTIBGIIISIP Y | Wi DU o k_.mnﬂu.a.&@a X oIS U NG Je D 4]
Jo wao3 FulNSaI 9YyJ, ‘USTIEWIOIsURI} [edirayds ; L 3O LA} PUngns ol Ay
91qEeIINS ® BIA 9DBIINS S YI1IED 243 Jo uoidafcad v | j MNGERRS I KIA IDIHITE X GIIPS M é«ftu.uihuu
uo paddew pue waoy xejod ur psyeIFIIUT ST UOIIIUN; e paddes: pur thIe) Jvjod i PoIIteryY o SOT32HNE
A315Uap STUY “SUOIIEIADD Jusuodwiod JUILIITVIGHTP i ESTIN A S 278 ]
uU3IdMIaq UOTIBR[DIIOD puk ‘sjuduodwrod JuswsdBESTP | I WA ORI IO PHE “eduaneduwien ame s eidesp
JO UOTIRIADD PABPURIS ‘PUI/A [BUOZ URIW FUIUIIIBOD i 3D SUIIYIASH DITPULES CPI (RUNE BEI PUINIIIHON
‘poonpoaliur 21® suotjedidws [B3113109Y3 PUE (EIT LARIINPOIN] SAP SEOEFRI LIS (PRI e e B3
~x1dwa 21eIINS UAYM UIIO0] [TUWIOU IE[NOIID Iy} OF | ¥ §-1- LEP R ErC b TLA IR RS R LT B ok it
$3DNPIJ uUoIouUNy s1y ] *siusuoduwiod YINCG-yiIoN pur | FHIDPTHPAS HFOIUITG wig g 7S uﬂaﬁsnm”&vdw, IS
ISeF-159M YIIm JudwadeldsIp e jo Lirjiqeqead a3 | b et B LY N LR SR H u.yu.\mumvmﬂ i !
AIIAISSYVIDONN 6057st GV auiumm«iv ]
T = = — = T 0§ ROPITIR o pUR (T ‘ad g ueT sy wIseamg puefr 7 o 0 = o e
dATIISSVTIONNA BITINWY YIION (7)PU® PULM UBHW JO SIN[BA JUTISUOD CGALAISSVIOND
snotaea (1) 107 ({L52C1-CIV) I TCA PU® (0257cT~CT¥) !
1] 1oA UT patuasaxd axe so1qel uvoTisuny Anpigegosd |
wesIsumod °‘sAep I UTyitm BUlIINDIDIO ‘URTRA POTIID
-ads ® se af1v] SE 15EY[ 1® UL WISRdSID 150 -1 ®F
uz jo apninef 03 32adsara yirm Ajrsusp Lnpraweiosd !
$IUTJOP UOIIDUNY SIY] “PIINPOIJUT s Loriouny Ayrs ! o o 3&% .
~uop Ariqeqoad wesajsumop jo doIuod 23 *SGTE _ ~tenepr Rsggran ...nnuqs.ﬁ.sﬁ 3
-rxsdo uoojreq o1 Azoasyl uoisnyiip Futdrdde up o , R RO R ;o3 \,Ld.
Fi[el o1winle 03 21qediidde sT uoTldounp UGIIGIIISEID o3 i -1 PROEIOIE v § «
Jo wixo] FUINNSEDI 9J “UGOTIRULIOISUERS) [POrIonds | ’
J{YEIINS B TIA 4DBJINS s YIIRd HU1f0 Lotjaslord « i
uo paddews pue urioj aviod Ul PAIBIHIUL ST UCITIRURT
Arsuap siyy. "suolieraop waotnoduion 3 snasvidsin |
usnMIaq Un1IB|N1I03 pur ‘siudpuodusod iu muadrid h
JO UOTIRIADD PARPURNES ‘PUISN [BUGZ URIU EUGIHEIAYrian
‘PADNPOIIUT PIR SUCTIEDT [ UITS TBDIG Tl Driv (w01
~1tdwa apquims uosysm GITOF [RUIFOU TR[LOILS o3
SIONPAT UOTIDUNY S1Y 1 < juoruodurod YINOE TEa] Dnv
ISB~ISUM YIT/A Justuaordsip ' Jo Aa:n«_ﬂx.:ub ! _
AJAIAISSVIONN HOETS O ?

R AR S S

TR TXT

‘
4
l




